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5 Two low-solidity configurations of  a 1.5-inch-chord transonic com- pressor rotor were tested to provide data on the ef fec ts  of so l id i ty  on 
a range of w e i g h t  flows at speeds up to the corrected design t i p  speed 
of 1000 feet  per  second. The two low-solidity rotors consisted of 28 
0.76 and 0.60, respectively. The or ig ina l  35-blade ro tor  had a t i p  
so l id i ty  of 0.95. 
. over-all  and blade-element  performance. These ro tors  were tested  over 
I and 22 blades of the or ig ina l  35-blade ro tor  and had t i p   s o l i d i t i e s  of 
Comparison of relative  total-pressure-loss  coefficients for the hub 
and mean blade-element sections indicated no defini te  effect of aol idi ty .  
Losses at the t i p   s e c t i o n  also indicated no solidity effect at the lower 
speeds. A t  90 and 100 percent of design speed, h m v e r ,  r e l a t i v e  total- 
pressure-loss coefficient increase& with decreasing solidity, contrary t o  
available cascade data. Blade suctlon-surface Mach numbers ' s eem t o  ex- 
plain the increase in- losses .  
Deviation angles at minimum-loss incidence angles fo r  the three 
rotors  were nearly constant over the speed range tested. In addition, 
they agreed within 2O wfth values computed from Carter's rule. 
Studies made with hot-wire anemometers on stall charac te r i s t ics  of 
the two low-solidity rotors indicated only nonperiodic flow fluctuations 
as weight flow was reduced st speeds of 50, 60, and 80 percent of design. 
Periodic rotating s t d l  w a s  observed i n  the high-solidity rotor at these 
speeds . 
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Recent test resu l t s  (ref. 1) of a transonic compressor rotor  show 
some important effects of so l id i ty  (chord-to-spacing r a t io )  on the per- 
f o m n c e  of such a blade row. A rather large increase in  the minimum- 
loss level for  a blade element close to   t he   ro to r   t i p  was observed a~ 
so l id i ty  decreased. This phenomenon occurred a t  high i n l e t  r e l a t i v e  
Mach numbers, and the change i n  loss  leve l  with so l id i ty  was not related 
to  changes i n  blade loading as given by the diffusion factor,  axial 
velocity ratio,  or inlet  relative Mach  uuuiber with so l id i ty .  
In order to study solidity effects further and t o  s u b s t a n t i a t e  the 
trends observed in reference I, another transonic compressor rotor  was 
tes ted with three  so l id i ty  leve ls  at the NACA Lewis laboratory. The 
rotor blades used i n  the investigation w e r e  the double-circular-arc 
blades of the compressor discussed in references 2 and 3, which describe 
the design, over-all-performance, and blade-element che;racteristice of a 
35-blade, 1.5-inch-chord compressor rotor having a t i p   s o l i d i t y  of 0.95. 
Tip s o l i d i t i e s  of 0.76 and 0.60 were obtained by ins ta l l ing  28 and 22 
blades i n  two new rotor disks at setting angles equal  t o  the se t t ing  
angles of the %-blade rotor. 
Certain s imilar i t ies  exis t  between these rotor blades and the rotor 
blades of reference 1. Both blades have double-circular-arc blade ele-  
ments of about the same maximum-thickness-to-chord ra t fo .  Blade-inlet 
angles are about equivalent. The major differences are the chord length 
and the t ip-section camber angles. Tip-section (located approximately 
10 percent of the passage height away from the outer wall) chord length 
and camber angle of the rotors  of reference 1 were 2.25 inches and 13.8O, 
respectively. The tip-section camber angle of the 1.5-inch-chord rotors 
used i n  the pres.ent solidity tests was 6’. 
. 
V 
The character is t ics  of 35-, 28-, and 22-blade rotors  were determined 
for  a range of w e i g h t  flows a t  corrected t ip  speeds fram 60 t o  100 per- 
cent of design speed (Ut/  f i  = 1000 ft /sec) . Complete blade-element and 
over-all  performance character is t ics  of the 28- and 22-blade rotors  are 
preBented i n  t h i s  report. References 2 and 3 give similar data for  the 
35-blade rotor .  The blade-element character is t ics  of the 35-, 28-, and 
22-blade rotors  are compared herein. 
SYMBOL6 
Figure 1, which illustrates air angles, blade anglers, and velocit ies,  
can be used to define these parameters more completely: 
AF compressor f ron ta l  area based on r o t o r  t i p  diameter, 1.767 sq ft 
cp specif ic  heat af air at constant pressure, Btu/(lb) (OR) 
” 
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D 
Q 
H 
i 
J 
M 
mC 
P 
sad 
e 
K 
CT 
diffusion factor (ref. 7) 
acceleration due to gravity,  32.17 ft/sec2 
t o t a l  enthalpy, cpgJT, s q  ft/sec2 
incidence angle, angle between i n l e t   r e l a t i v e  air velocity vector 
and tangent to blade mean camber l i n e  at leading edge, deg 
mechanical equivalent of heat, 778.2 ft-lb/Btu 
Mach number 
factor in deviation-angle relation, function of blade angle 
t o t a l  pressure, lb/sq It 
radius measured from axis of rotation, in. 
t o t a l  temperature, OR 
blade speed, ft/sec 
air velocity, ft/sec 
weight flow of air, lb/sec 
air angle, angle between air velocity and axial direction, deg 
r a t i o  of inlet to ta l   p ressure  to  NACA standard  sea-level  pressure 
of 2116 lb/sq f t  
deviation angle, angle between out le t  relative air velocity vector 
and tangent to blade mean camber l i n e  at t r a i l i n g  edge, deg 
adiabatic teuperature-rise efficiency 
r a t i o  of inlet t o t a l  temperature to  NACA standard sea-level 
temperature of 518.70 R 
blade angle, angle between tangent to blade mean camber l i n e  and 
axial direction, deg 
so l id i ty ,   r a t io  of blade chord measured along streamline to average 
blade spacing 
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Q blade camber angle, difference between angles of  tangents  to m e a n  
camber l i n e  at leading and t r a i l i n g  edges, deg 
re lat ive total-pressure- loss  coeff ic ient  ( ref .  4) 03 
- 
Subscripts: 
b blade element 
m mean radius 
8 suction  surface 
t t i p  of  ro tor  
Z axial   d rect ion 
e tangential   d rection 
1 depression tank 
2 upstream of  rotor,   location of  inlet   s ta t ic-pressure rake 
3 r o t o r   i n l e t  
4 ro to r   ou t l e t  
Superscript: 
1 denotes  conditions  relative t o  blade row 
APPARATUS m PROCEDURE 
With the exception of the number of blades, the two lou-solidity 
ro tors  used i n  this investigation are exact replicas of the 1.5-inch- 
chord transonic compressor rotor of references 2 and 3. Therefore, 
blade-setting angles and blade-inlet and -out le t  angles are ident ica l .  
Values of sol idi ty  a long with va lues  of blade-inlet and -out le t  angles 
at several  radii are given i n  table I f o r  the three rotor configurations. 
The instrumentation, test procedures, and calculations used with 
each rotor are similar and are described in references 2 and 3. These 
references also describe the compressor test r i g  (fig. 2) i n  which the 
ro tors  were tested. " 
The ro tors  were operated over a range of weight flow at corrected 
t i p  speeds of  60, 70 ,  80, 90, and 100 percept.of design corrected t ip  
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speed (1000 f t / sec) .  The performance of  each rotor  is analyzed by the . blade-element  approach  described in   references 1 and 4. 
5 
OVER-ALL PERFORMANCE 
Weight Flow, Pressure Ratio, and Efficiency 
The over-all  performance of the three configurations of the.l .5- 
inch-chord transonic compressor rotor  is presented in figure 3. Mass- 
averaged total-pressure ratio and mass-averaged adiabat ic   eff ic iency 
are plotted against  corrected weight flow per . u n i t   f r o n t a l  area. Data 
fo r  speeds of 60, 70, 80, 90, and LOO percent of design speed are pres- 
ented for a weight-flow’range at each speed. 
M a x i m u m  weight f l o w  increases as solidity decreases for a31 speeds 
except design speed. A t  design speed, maxipum w e i g h t  flow remains essen- 
tially constant as solidity &creases. The 35-bLade ro to r  choked at maxi- 
mum w e i g h t  flow at design speed, as shown by the  data of figure 3(a) .  The 
eff ic iency and total-pressure-ratio variations with w e i g h t  f low for the 
rotor  approach a v e r t i c a l  l i n e  at the maximum flow and, thus, indicate 
rotor  choking. The maximum weight flows at design speed f o r  the two 
lower-solidity rotors,  however, seem t o  be limited by choking i n   t h e  
piping system used in this investigation. 
4 
* The minimum weight flow at each speed w a s  arbitrarily limited by 
ro tor  blade vibrations detected with a magnetic pickup Located i n  the 
outer casing. B l a d e  vibrations were assumed t o  indicate  the start o f  
stalled. or unstable operation .of the compressor. No def in i te -e f fec t  of  
s o l i d i t y  on minimum weight f l0 .w  w a s  found except at design speed. A t  
design speed, lower flow rates were reached at higher s o l i d i t i e s .  
With the exception of the operating conditions near maximum w e i g b t  
flow, the average total-pressure-rat io  level  var ies  direct ly  w i t h  sol id-  
i t y  at each speed. Smal differences in total-pressure-ratio levels me 
found at the lower speeds, and large differences at design speed. This 
is due t o  the combination of work-coefficient and loss-coefficient v a r i -  
ations with solidity. This combination is  also reaponslble for the v a r i -  
a t ton of adiabatic efficiency, which is similar t o  the total-pressure- 
r a t i o  variation. The peak-efficiency operati’hg point for each s o l i d l t y  
occurs near maximum weight flow at speeds below design. 
A t  60- and 70-percent design speed, peak-efficiency values for the 
three  ro tors  are approximately equal. A t  80-percent speed, the peak 
eff ic iency f o r  the two higher-sol idi ty  rotors  are alike bu t  lower than 
the peak efficiency obtained by the  22-blade rotor .  A t  90-percent speed, 
however, the eff ic iency of  the low-solidity rotor drops below that of 
the other two rotors ,  which are still about equal. A t  design speed, peak 
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eff ic iency var ies  direct ly  as so l id i ty  (the lower the sol idi ty ,  the lower 
the peak efficiency) and occurs  near the middle of the  weight-flow  range. V 
Sta l l   Charac te r i s t ics  
The rotat ing-stal l  character is t ics  of  the 28- and 22-blade versions 
of the 1.5-inch-chord transonic compressor ro tor  were investigated as i n  
the tests of the 35-blade ro tor  (ref. 2 ) .  Hot-wire anemometers were 
located downstream of the rotors  to  detect  f low f luctuat ions a t  50, 60, 
and 80 percent of design speed. 
A t  speeds of  50 and 60 percent of design, the 35-blade ro tor  f irst  
operated with two full-span s ta l l  zones at a weight flow lower than the 
peak-pressure-ratio operating condition .(fig. 3).  A6 weight flow wa8 
reduced further, the rotor operated wi th  only one full-span zone. A t  
80-percent design speed, only one full-span rotating-stall zone w a s  
observed at reduced weight flows. 
No er iodic  stalls were observed for the low-solidity (28- and 
22-bladey ro tors  at low weight f lows.  A t  high w e i g h t  flows , only blade 
wakes were detected by the hot-wire anemometers. As weight  flow w a s  L 
reduced, blade w a k e s  were gradually replaced by random flow  fluctuatione. 
The amplitude of  the flow fluctuations or random stalls increased as 
w e i g h t  flow  decreased.  Similar s ta l l  charac te r i s t ics  are reported  in ii 
reference 1. 
RADIAL VARIATIONS 
Rotor-Inlet Conditions 
Rotor-inlet data for  the three sol idi t ies  are  given i n  f igure 4 t o  
indicate  possible  effects  of changes of so l id i ty  and ro to r  performance 
on the inlet velocity profile.  Figure 4 shows the radial variations of 
in le t   abso lu te  Mach number represented by the r a t i o  of Mach number t o  
mean-radius Mach number. Variations of Mach number  shown i n  the figure 
are f o r  80- and 100-percent design qeed  and fo r  a range of weight flows 
a t  each speed. Since there were no inlet guide vanes, the inlet tangen- 
tial velocity component w m  assumed zero. The radial s ta t ic-pressure 
var ia t ion for  rotor- inlet  calculat ions (s ta t ion 3) wa8 f a i r e d  between the 
readings from outer- and inner-wal l  s ta t ic  taps  with a trend similar to  
that recorded from the in le t  s ta t ic -pressure  rake (s ta t ion  2) .  This 
procedure was considered justif iable because of the small mea change and 
smal stat ic-pressure change between s t a t ions  2 and 3 ( f ig .  1). 
I 
The design variation of inlet absolute Mach number was determined 
from previous investigations which used the same inlet  configuration. 
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Figure 4 shows that (except fo r  the t ip  region)  the i n l e t  Mach number 
prof i les  for  the three ro tors  com.pare very well w i t h  the design variation. 
A t  80 percent of design speed (fig. 4(b)) ,  no e f fec t  of  s o l i d i t y  on the 
i n l e t  Mach  number p r o f i l e  is shown. However, at design speed (fig. 4(a)) 
slight changes i n  the i n l e t  Mach number prof i le  occurred in  the t ip   reg ion  
as the so l id i ty  was varied. This observation Indicates a change i n  the 
flow about the t ip   reg ion  at the high speed level. 
I 
Total-Pressure Ratio, Work Coefficient, and Efficiency 
Data f o r  the three s o l i d i t i e s  at nearly equal weight flows and good 
operating conditions are presented in  figure 5 for speeds of 80 and 
100 percent of design speed at the  ro tor  ou t le t .  The radial var ia t ions 
of  blade-element adiabat ic  eff ic iency flad,by to ta l -pressure  ra t io  
(P&l)by and work coeff ic ient  (&$& (nondimensional temperature 
rise) are shown. 
A t  design speed (fig. 5(a)) ,  the  data represent conditions close 
to peak-efficiency operation for each of the r o t o r s .  From about the 
mean sect ion on out toward the t ip ,  pressure rat io  increases  as s o l i d i t y  
increases. This increase in pressure r a t i o  can be traced t o  (1) the 
increase in  work coeff ic ient  and (2) the decrease in  lo s ses  as s o l i d i t y  
increases, which will be discussed later. These fac to r s  a l so  r e s u l t  i n  
increased efficiency w i t h  increase   in   so l id i ty .  & 
A t  80-percent design speed, rotor-outlet conditions f o r  the three 
s o l i d i t i e s  are shown fo r  two w e i g h t  flows [figs. 5(b) and (e)) . At the 
higher weight flow (new ped-eff iciency operation, f ig .  5(b)), the 
radial outlet  conditions f o r  the three s o l i d i t i e s  are almost identical, 
w i t h  the exception of the t ip-region performance of the 35-blade ro tor .  
This drop i n  performance f o r  the h igh   so l id i ty  is probably due t o  
choking. In order t o  obtain a be t te r  p ic ture  of the performance at this 
speed, outlet  conditions at a reduced wefght flow are presented in  f ig-  
ure 5(C). The trends exhibited by each rotor are similar. In  f igure 
5(c),  the total-pressure rat io ,  work c o e f f k i e n t ,  and efficiency increase 
w i t h  increasing solidity.  
BLADE" PERFORMAJYCE OF 28- AND 22-BIADE ROTORS 
The blade-element characteristics for the 28- and 22-blade ro to r s  
are presented  in  figures 6 and 7, respect ively,  for  three blade elements 
and f o r  corrected rotor t i p  speeds of  60, 70, 80, 90, and 100 percent 
of design. The three blade elements, which are located 84, 50, and 
10 percent of the passage height from the ou te r  w a l l ,  are called hub, 
mean, and t i p .  The blade-element performance of the 35-blade rotor, as 
w e l l  88 a defini t ion of  the blade elements, i s  reported in  reference 3. 
8 n NACA RM E56Do6 
The blade-element characteristics plotted against incidence angle 
i n  f i g u r e s  6 and 7 are: relative total-pressure-loss coefficient E ' ,  
deviation angle 60, i n l e t  r e l a t ive  Mach  number M;5, axial veloci ty  ra t io  
Vz,4/Vz,3, blade-element loading represented by the diffusion factor D, 
work coeff ic ient  (nondimensional temperature rise) M / U t ,  and blade- 
element adiabatic efficiency 'lad. These parameters are described in 
2 
references 4 and 5. Construction of velocity diagrams is possible by 
means of these pssameters. Velocity-diagram notations for a blade element 
are presented in  figure 1. h) 
E 
The blade-element performance of the 28- and 22-blade ro tors  is very 
similar t o  that of the 35-blade ro tor  ( re f .  3) and other transonic com- 
pressor rotors. For t h i s  reason, these figures are not discussed in 
detail i n  this report, but the data are largely used for so l id i ty  
conrparisons. . .  . .  
COMPARISON OF' . B L A D E - E L m  PERFORMANCE FOR THREX SOLIDITY WELLS 
Blade-Element Losses 
I n  order  to  compare blade-element losses of the 35-, 28-, and 
22-blade rotors,  variations of relative total-pressure-loss coefficient 
with incidence angle f o r  the three ro tors  are presented  in  f igure  8 at 
three blade-element sections f o r  60, BO, 90, and 100 percent of  design 
speed. The blade-element sections @t the hub, mean, and t ip are located 
84, 50, and 10 percent of tke passage height from the outer wall, resgec- 
t ively.  The losses  for  the hub and mean sections are considered first 
because of their general  similari ty t o  cascade r e su l t s .  
Hub- and mean-section losses.  - The loss variations w i t h  incidence 
angle for the hub and mean sect ions are  shown In  f igures  8(a> and (b) , 
respectively.. The loss variations with incidence angle for each rotor 
are similar a t  a l l  speeds and agree with past  rp tor  resu l t s  .and cascade 
data. A t  low speeds (low Mach numbers) there i s  a wide incidence-angle 
range for Low-loss operation. A t  high speeds, t h i s  low-loss incidence- 
angle range is reduced, par t icu lar ly  a t  the low incidence angles. This 
i s  typical of cascade data and previously rep&€ed ro to r   r e su l t s  
(refs. 4 and 6) . 
With respec t   to  the level  of  minimum los s  coefficient,  low-speed 
two-dimensional-cascade data show a linear increase i n  loss  coefffcfent 
with increasing solidity (ref. 7 ) .  For the low losses usually found at 
the hub and mean sections, the change i n  LOSS l eve l  with s o l i d i t y  i s  
expected t o  be small and probably within experimental accuracy. 
L 
P 
Hub-s.ection losses (fig.  8(a)> at speeds below 90-percent design 
are re la t ive ly  low, and there  is no m e s u a b l e  variation i n  the loss  level 
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with so l id i ty .  A t  design speed for the hub sect ion and at 90 and LOO per- 
cent of design speed f o r  the mean section, some variat ions in  loss- 
coef f ic ien t  leve l  with s o l i d i t y  were observed; however, no def in i te  
trend can be established from these data. 
. 
Tip-section losses. - Figure 8(c) presents the t ip-section variation 
of  loss with incidence angle fo r  the three solidit ies.  Data at 60 percent 
of design speed show l i t t l e  s o l i d i t y  e f f e c t  of any kind. The data at 
80, 90, and LOO percent of design speed show a tendency f o r  the minimum- 
loss incidence angle to decrease with decreasing solidity. However, a t  
design speed, the minimuuploss incidence angles are not defined for the 
two low-solidity rotors,  since it appears that the t ip  sec t ion  was not 
operated at the lowest  incidence angle possible. The cause is the r i g  
choking discussed earlier. 
Minimum-106s leve ls  at 60- and 80-percent design speed are not 
affected by so l id i ty .  A t  90-percent design speed, the two higher sol id-  
i t ies have about the same  minimum losses; however, losses  for the low 
s o l i d i t y  are greater. A t  design speed, there is a de f in i t e  effect of 
s o l i d i t y  on losses; losses increase as solidity decreases. Similar loss 
trends were observed i n  the so l id i ty  inves t iga t ion  of  reference I, with 
01 
& 
1 couparable va lues  of  solidFty and rotational  speeds.  
The increase  in  loss as sol idi ty  ia  decreased is contrary to 
f ind  a reason for this  contradiction of cascade results, several  flow 
parameters  ( inlet  re la t ive Mach number, diffuaion factor,  and axial 
velocity r a t i o )  on which losses may depend were investlgated.  Inlet  
r e l a t i v e  Mach numbers at a given incidence angle and wheel speed do not 
vary with solidity, because the  blade angles are equal i n  a l l  three r o t o r s .  
I the trends shown by low-speed-cascade results ( re f .  8).  In  order  to 
Variations of diffusion factor  D (a blade-loading parameter, r e f .  7)  
and axial  veloci ty  r a t i o  Vz,$/V,,3 w i t h  incidence angle are shown i n  
figure 9. This figure presents t ip-section data for  th ree  so l id i ty  leve ls  
at design corrected tip speed (1000 f t /sec) .  
Diffusion factors  for  the three so l id i ty  l eve l s  are nearly equal;  
therefore, this parameter does not explain the observed loss variat ion 
with so l id i ty .  Although the diffusion-factor equation 
contains  sol idi ty  expl ic i t ly ,  implici t  var ia t ions 
eq.uation with s o l i d i t y  cause the diffusion factor  
constant over the range of so l id i t i e s  tes ted.  
of other terms in the 
t o  remain nearly 
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Tip-section axial veloci ty  ra t io  is higher for the lowest so l id i ty  
than for the other two so l id i t i e s .  If axial veloci ty  ra t io  had any 
ef fec t  at all, an increase would reduce losses; therefore, the axial 
veloci ty  ra t io  does not account f o r  an increase in lossee w i t h  a de- 
crease in  eol idi ty .  
In order to compare tip-section 108s l e v e l s  a t  design corrected tip 
speed with past  results, loss coef f ic ien ts - in  the region of minimum loss 
taken from faired values of figures 6(c) and 7(c)  are  plot ted in  f ig-  
ure 10 against corresponding faired values of diffusion factor D. Also 
shown in  f igure  10 are tip-section data from the aolidity investigation 
of reference 1 for  a corrected t ip  speed of lOQ0 f e e t  per second and 
the band or range of losses for a number of  rotor  t ip  sect ions 88 
compiled in reference 7. . .  
Trends exhibited by the rotors  of this investigation and of refer-  
ence 1 in  f igure  10 are similar in that only data from the highest solid- 
i t y  of each investigation fa l l  within the band of previous results 
(ref. 7) .  The data for the lower s o l i d i t i e s  f a l l  d o v e  the band, the 
lowest-solidity data being farther away. 
Figure 10 a lso  shows that for  equal  so l id i t ies  the t ip-section 
losses of the rotor  of reference I are higher than the  losses observed 
i n  the present investigation. A t  the highest-solidity lwel (ut - 1.01, 
the  difference in  loss l eve l  can be accounted for by the difference in 
the diffusion factor.  However, f o r  low sol idi ty ,  changes i n  blade load- 
ing as measured by the diffusion  factor  D do not explain the higher 
losses measured i n  the rotor  of reference’l .  
In le t  re la t ive  Mach  number levels are about equal for both compres- 
sor rotors; therefore, t h i s  parameter itself does not explain the d i f -  
ference i n  the loss levels.  The axial veloci ty  ra t ios  measured in  the 
t e s t s  of the rotors  of reference 1 were about 0.8 a t  a t i p  speed of 
1000 feet  per  second; whereas, the measured axial  veloci ty  ra t ios  of the 
present rotors are 0.9 or greater.  It i s  possible that a lower axial  
veloci ty  ra t io  supplements the effect  of so l id i ty  on losses and causes 
the high losses  in  the rotors  of reference 1 a t  t he  lower so l id i ty  leve ls .  
However, s u c h  a conjecture should not be accepted without further veri- 
f icat ion,  because axial ve loc i ty   ra t io  m a y  represent only one of the 
differences between the two investigations that m a y  affect losses.  
Therefore, there are two major observations, the increase in t ip -  
section losses with a decrease i n   s o l i d i t y  and the comparison of t ip -  
sec t ion  losses  in  two separate solidity investigations,  which cannot be 
explained on the basis of conventional flow parameters of inlet relative 
Mach number, diffusion factor, and axial velocity ratio. Evidently, a 
change i n  so l id i ty  alters the flow field about the ti9 section i n  such 
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a manner that  changes in the conventional flow parameters computed from 
i n l e t  and outlet  conditions do not explain the loss phenomena. 
Suction-surface Mach  number level .  - For operation of a low-solidity 
cascade at high r e l a t i v e   i n l e t  Mach numbers, the suction-surface velocity 
profile could be of a form such that the diffusion  factor  does not provide 
a correct estimate of the blade loading and the resulting blade  prof i le  
losses.  That is, the velocity profile could be considerably different 
from the model on which the diffusion-factor analysis was based (ref. 7).  
Furthermore, the diffusion and losses caused by shock waves may also 
become important at low s o l i d i t y  levels. 
I n  this section the e f f ec t s  of s o l i d i t y  on t ip-sect ion losses  are 
estimated by computing suction-surface velocities. Figure 11 shows fo r  
discussion purposes a simplif ied  picture  of tno-dimensional flow about 
a cascade of a i r f o f l s  for two so l id i ty  l eve l s  (1.00 and 0.63) corresponding 
t o  the t ip  sect ions of  the 35- and 22-blade rotors.  For both solidity 
levels ,  a design-speed (supersonic inlet  relative velocity) operating 
condition with back pressure was chosen; hence, a detached bow wave of  
the ' form shown is assumed. 
B l a d e  surface Mach numbers were comguted by means of a two- 
dimensional Prandtl-Meyer expansion (assuming no losses) ,  and f igure 11 
shows Mach numbers fo r  the suction surfaces j u s t  upstream of the shock 
wave. These Mach numbers indicate  the re la t ive  s t rength  of the shock 
waves at the suction su r face  f o r  the two so l id i ty  l eve l s .  The lower 
s o l i d i t y  has the  greater  blade surface Mach nude r ;  hence, greater losses  
should be an t i c ipa t ed   fo r ' t he  low sol idi ty ,  s ince the total-pressure loss 
across a shock increases with increasing Mach umber. The chance for  a 
flow separation (another source of  high losses)  is also grea te r  i n  the 
low-solidity cascade, because the static-pressure rise across the shock 
wave increases with increasing Mach number and the shock wave h i t s  closer 
t o  the trailing edge where the boundary layer  may be i n  a poor condition 
t o   u i t b t a n d  a sudden increase   in  static pressure. 
Surface Mach  number values offer one explanation for the increase 
in   t ip -sec t ion  losses with dec reas ingso l id i ty  at high speeds for this 
investigation. Figure 8 a l so  shows that, at low speeds, the losses do 
not vary w i t h  so l id i ty .  A t  the low inlet r e l a t i v e  Mach numbers, surface 
Mach numbers are low and shock waves do not e x i s t  or axe very weak. 
Thus, the suction-surface Mach number analysis of loss trends does not 
contradict  the low-speed test r e su l t s .  
Computed t ip-section surface Mach numbers were 1.74 fo r  the low- 
so l id i ty   ro to r  of reference 1 operating at a cor rec ted   t ip  speed of 
1000 feet per  second ( inlet  re la t ive Mach  number equal to 1.06). This 
compares with a value of 1.61 computed f o r  the low-solidity rotor of 
the present investigation. The higher surface Mach number l e v e l  and the 
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subsequent stronger normal shock may account fo r  the  higher losses 
measured i n  the  low-solidity rotor of reference 1 as shown i n  figure 10. 
The higher values  of suction-surface Mach  number reported in reference 1 
a r i se  from the comparatively high tip-section camber angles of those 
rotors .  
Deviation Angles 
I n  the design of high-speed cozlypressors, close control over the 
rotor-out le t  .flow direct ion is  required i f  design total-pressure ratio 
is t o  be obtained (ref. 9)  . Deviation angle Bo ( f ig .  1) has been used 
t o   de f ine  the ou t l e t  flow direct ion from blade rows constructed with 
double-circular-arc airfoils.  Previous rotor test r e su l t s  ( r e f s .  1, 4, 
and 6) show that Carter ' 8  ru l e   ( r e f .  9) can be used to predict design- 
point deviation angles for circular-arc compressor blades. Carter's 
ru l e  was derived from luw-speed two-dimensional-cascade data and is  
wri t ten as 
where mc depends on chord  angle and i s  constant for one blade element, 
and the camber angle cp is also f ixed  for  a given blade element. 
Equation (2) predicts 811 increase in t ip-section deviation angle of 0.5O 
as the s o l i d i t y  (3 is  decreased  from 1.00 t o  0.63. Hub-section  deviation 
angles (according to Carter's r u l e )  ahould increase 1.50 as so l id i ty  is 
decreased from 1.61 t o  1.01. These changes in deviation angle with 
so l id i ty  a re  of the same order as the probable error of a s ingle  measure- 
ment of deviation angle. 
Variation of deviation angle w i t h  incidence angle. - Figure 1 2  
presents a comparison af deviktian-angle variation with incidence angle 
for  the  three  so l id i t ies  for  hub, mean, and t i p  blade-element sections. 
A t  the  hub section (f ig .  12(a)), deviation angle increases with increas- 
ing incidence angle for all speeds. This does not w e e  wi th  low-speed 
two-dimensional-cascade r e su l t s .  For s o l i d i t i e s  over 1.0 (hub section), 
a v a u b l e  cascade tests indicate  that deviation angles should not vary 
with incidence angle, at least in  the operat ing range of low-loss 
incidence angle. There is m evident explanation for this discrepancy 
between ro tor  and cascade r e su l t s .  
A t  the mean sect ion (f ig .  12(b)) ,  the deviation-angle trend t o  
decrease with decreasing incidence angle appears only at 60 and 80 percent 
of design speed for the two lower s o l i d i t i e s ,  . .Fo r  . the other data, the 
deviation-angle variation is similar to  the loss-coeff ic ient  var ia t ion 
with incidence angle. 
- ". 
A t  the t ip  sec t ion  ( f ig .  12(c) ) ,  the  s imi la r i ty  between deviation- 
angle and 1066 variat ion with incidence angles i s  present at all speeds 
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for  the three sol idi t ies .  The general level of deviation angles at the 
t i p  sec t ion  i s  also substant ia l ly  lower for the other blade-element 
sections because of the low tip-section camber angle. 
- 
Deviation angles at minimum-loss incidence angles. - Measured 
deviation angles at minimum-loss incidence angles (taken from faired 
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curves i n  figs. 6 and 7) are compared with C a & e r ' s  r u l e  values i n  
f igure 13. The measured deviation angles are plotted against percent 
of design speed merely t o  catalog the data .  Carter ' s  rule  w a s  derived 
fo r  optimum-incidence-angle operation (defined as the incidence angle 
at which the cascade turning angle is 0.8 of the maximum turning angle). 
Whether rotor  minimum-loss incidence angles coincide with cascade 
optimum incidence  angles is questionable. However, the differences are 
probably small, and i n  many c a e s  deviation angle does not vary much 
with incidence angle i n  the minimum-loss range. An exception is  the hub 
section of this rotor  ( f ig .  12(a>). 
For the hub section (fig.  13(a) 3 ,  the deviation-angle data scattered, 
but the general l e v e l  agrees fairly wel w i t h  Carter ' s  r u l e  values. 
Because of the data sca t te r ,  no sign of a de f in i t e  so l id i ty  e f f ec t  can 
be seen. It should be noted that accurate control of the r e l a t ive  ou t l e t  
flow direction (deviation angle) is not required for hub sections 
because of the low wheel speed and the near ly   axial   re la t ive  discharge 
velocity (ref. 9) . 
A t  the mean section (fig. 13Eb)) , the measurements show no def in i te  
so l id i ty  e f fec t ,  and deviation angles vary  jus t  s l igh t ly  with speed. The 
general  level of the measured deviation angles fo r  a l l  s o l i d i t i e s  i s  
about the same l e v e l  8s the  Carter's rule values. 
A t  the t i p  sec t ion  ( f ig .  13(c)),  the deviation angles for the 
highest so l id i ty  check Carter16 rule w e l l ,  and only a small variation 
with speed is evident. The deviation angles for the two lower s o l i d i t i e s  
at 80 percent of  design speed and below are less than the deviation- 
angle values of the high-solidity rotor.  Such a vmiation, which i s  
counter to C a r t e r ' s  ru le ,  my be due t o  measurement errors .  Above 80 per- 
cent of design speed, the deviation angles of the two lower-solidity 
rotors increase w i t h  speed and become greater than the deviation angles 
fo r  the high-solidity rotor.  The increase in deviation angle with speed 
may be due to flow sepmation, which could also cause the high losses 
discussed  previously. 
SUMMARY OF RESULTS 
In order to obtain more data on the ef fec ts  of so l id i ty  on perform- 
ance of transonic compressor rotors operating at i n l e t  r e l a t i v e  Mach 
numbers i n  the neighborhood of 1.1, two lower-solidity configurations 
14 NACA RM E56W6 
of the 1.5-inch-chord transonic compressor rotor were tes ted.  Except fo r  
the number of blades,. the two lower-solidity rotors were ident ica l  with 
the outer w a l l  of.0.95; the two low-solidity rotors had 28 and 22 blades, 
with s o l i d i t i e s  of 0.76 and 0.60, respectively. The blade-element per- 
formance of the two low-solidity rotors w a s  generally similar to that of  
the  original  35-blade  rotor and previouely published transonic-comgressor 
rotor data.  The following r e s u l t s  were obtained in  t h i s  investigation: 
. the  or iginal  rotor .  The or ig ina l  ro tor  had 35 blades with so l id i ty  at 
1. Comparison of hub and mean blade-element loss coef f ic ien ts  for  
th ree  so l id i ty  leve ls  ahowed no consistent variation with so l id i ty .  
Loss l eve ls  for  the three s o l i d i t i e s  were low. 
2. Rotor tip-section (10 percent of the passage height away from the  
oilter wall) minimum-loss levels did not vary with s o l i d i t y  at low re l a t ive  
i n l e t  Mach numbers (60 and 80 percent of design rotor speed). A t  high 
r e l a t i v e   i n l e t  Mach numbers (90 and 100 percent of  design rotor speed) 
tip-section losses increased with decreasing solidity contrary to the 
trends shown by low-speed two-dimensional-cascade data. 
3. Diffusion factor and i n l e t  r e l a t fve  Mach number l e v e l  d id  not 
explain the var ia t ion  in  t ip -sec t ion  losses  with so l id i ty .  However, the 
suction-surface Mach number, computed by the F’randtl-Meyer method, offered 
a reason for the observed increase i n  loss with a decrease in solidity.  
4. The measured deviation angles for the 35-, 28-, and 22-blade ro tors  
agreed f a i r l y   w e l l  with Carter’s rule values  for operation at the minimum- 
loss incidence angle of the rotors. Deviation angles at minimum-loss 
incidence angle did not vary s igni f icant ly  with speed except for the t ip 
section of the two low-solidity rotors.  In this instance, deviation 
angles tend to increase w i t h  speed. 
5. Periodic rotating stall did not occur in the low-solidity rotors 
at speeds of 50, 60, and 80 percent of design. Instead, only random flow 
fluctuations appeared as the flow w a s  reduced into the stalled operating 
range. Periodic rotating stalls were observed i n  previous tests of the 
high-solidity  rotor.  
LewLs Flight Propulsion Laboratory 
National Advisory Committee for Aeronautics 
Cleveland, Ohio, April  10, 1956 
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Figure 1. - Velocity-diagrsm notation for blade element. 
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( c )  Corrected tip speed, 80-percent  design. 
Figure 3. - Cornparlaon of mass-averaged ro to r  performance at three solldity 
levels for 1.5-Inch-chord trarmonic compressor rotor. 
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Figure 3. - Concluaea. Comparison of mase-averaged rotor performance at 
three  solidity  levels for 1.5-inch-chord  transonic ComPresSm rotor. 
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F i g u r e  4 .  - Radial variation af rotor-inlet  absolute Mach 
number. 
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Figure 4 .  - Concluded. R ~ d i a l  variation of rotor- inlet  
absolute Mach number. 
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Figure 5. - Radial  variation  of  blade- 
element  data f o r  three  solidity 
levels.  
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Figure 5. - Concluded. Radial v a r i a t i o n  
of blade-element data f o r  three s o l i d -  
ity levels. 
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Rotor blade-element ohsraotaristios for 28-blaae 1.5-lnoh-chord 
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Figure 7 .  - Rotor blade-element characteristics fo r  22-blade 1.5-inch-chord transonic 
compressor rotor at various speeds. 
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Figure 7 .  - Continued. Rotor blade-element characteristics for 22-blade 1.5-inch- 
chord transonic compressor rotor at various speeds. 
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Figure 7. - Concluded. Rotor blade-element characteristics f o r  22-blade 1.5-inch- 
chord transonic compressor rotor e t  various speeds. 
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Figure 8 .  - CampariSOn of' loss-cceifialent Pariation with lncidenac angle far three aolldlty 
level6 of 1.5-Inch-chord transonic compressor rotor. 
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Figure 9. - Variations of diffusion factor and veloci ty   ra t io  
with incidence angle for   th ree   so l id i ty   l eve ls  of 1.5-inch- 
chord transonic compressor rotor  at t ip   sec t ion  a t  design 
speed. 
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Figure 10. - Variation of tip-section relative total-pressure- 
loss coeff ic ient   near   minim loss wrth diffusion factor at 
design speed for three solidity 1.evels. 
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(b) 22-Blade rotor, Blade-element 
solidity, 0 .63 .  
Figure 11. - Supersonic flow through a cascade indicating change wLth solidity of loca- 
t ion of bow Wave on blade suction surface and resulting blade auction-surface Mach 
numbers preceding the shock. Outlet  radius, 8 .60  inches. 
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Figure 12. - Conti&. Cmpar lsan  of devhtion9ngle yarlation wlth incidence angle for three aolldity levels far 
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Figure 13. - Deviation angles at  minimum-loss incidence angle 
for  three solidity levels of 1.5-inch-chord transonic com- 
pressor rotor. 
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